INTRODUCTION:
A significant challenge during the 2011 Mississippi River flood was estimating the actual volumetric flow of water within the river. There were large disagreements among the various gages and measurements in May 2011. To address this issue (among others) (USACE 2012), the U.S. Army Corps of Engineers (USACE), Mississippi Valley Division (MVD), initiated the Mississippi River Geomorphology and Potamology Program (MRG&P) in 2013, a revitalization of historic Mississippi River Potamology studies that were performed in the 1960s to 1980s (Biedenharn et al. 2014) . The data collection and analysis within this study aim to improve the understanding of the water budget of the Lower Mississippi River through three primary objectives: to determine if there are systematic errors between gages in the Lower Mississippi River, to examine claims of a water volume loss between Baton Rouge and Belle Chasse, and to document extreme loss of flow from Natchez, MS, to the Head of Passes (HOP).
For most rivers, the flow increases in the downstream direction because of an increasing drainage area reaching each downstream location, although there are plenty of exceptions. In general, the Lower Mississippi River is one of those exceptions, where the flow within the river does not always increase in the downstream direction. In addition to the man-made diversion through the Old River Control Complex (ORCC), there is also a significant decline of the Mississippi River discharge between ORCC and HOP. The majority of this water loss occurs through the delta distributaries and Fort St. Philip leakages (Sharp et al. 2013) . It is also known that the Bonnet Carre Spillway (BCS) continuously leaks several thousand cubic feet per second through the needle gates of the structure, when the river stage is high enough to inundate the gates. However, even when all of the known diversions of water are accounted for, the water budget for the Mississippi River still does not close. This has led to speculation about possible additional discharges from the river, potentially associated with groundwater losses.
Evidence of freshwater signals within coastal estuaries near the Mississippi River led Kolker et al. (2013) to hypothesize that a significant amount of water may be exiting the river through sandy underground paleochannels, connecting the river to adjacent bays. They demonstrated that the chemical signature of freshwater entering Barataria Bay is clearly evident. One of the primary means they used for estimating the volume of water associated with this signal was to associate the quantity of the groundwater flux with the residual of the Mississippi River water budget, computed by integrated existing observations of discharge in the river.
This study is designed to determine, by direct observation, if there is indeed an unexplained residual in the water budget that could potentially indicate some other significant source/sink to the river (such as groundwater flux). The methods and results are given below.
DATA COLLECTION:
The inability to close the water budget associated with the historic discharge observations between Tarbert Landing and Belle Chasse (Allison et al. 2012; Kolker et al. 2013 ) triggered this investigation. Prior to field measurement collection, preliminary assessments of the recent discharge records to identify discrepancies included data sets at Natchez, Old River Control Complex, Tarbert Landing, Morganza Control Structure, Baton Rouge, Davis Pond, Caernarvon, BCS, and Belle Chasse. The locations of these gages can be seen in Figure 6 . The Baton Rouge (U.S. Geological Survey [USGS] gage # 07374000) computed discharge estimates are based on a stage vs. discharge rating curve. The discharge at Tarbert Landing (USACE RiverGages.com, 01100Q) is based on a rating curve using the stage at Red River Landing. The rating curves are periodically adjusted based on Acoustic Doppler Current Profiler (ADCP) measurements. The Natchez discharge measurements are available from USACE at http://www.rivergages.com through the Vicksburg District. ORCC discharge is from the sum of the computed flows through the three individual structures (from USACE RiverGages.com, Old River Outflow Channel -Total Discharge, 02600Q). A comparison was performed between this USACE ORCC data set and the USGS gage called Old River Outflow Channel below Hydropower Channel (USGS gage # 07381482), and these two data sets were very similar. The USGS gage had a significant gap in discharge data for 2011, so the USACE data set was used for ORCC for this study. Morganza Control Structure and BCS estimated discharges were from the USACE New Orleans District. Belle Chasse (USGS gage # 07374525), Davis Pond (USGS gage # 295501090190400), and Caernarvon (USGS gage # 295124089542100) are estimated using velocity measurements from Horizontal Acoustic Doppler Current Profilers (H-ADCP).
Discharge data for the years 2004, 2008, 2009, and 2011 indicated that the discharge discrepancies were particularly noticeable when the discharge was high (i.e., over approximately 800,000 cubic feet per second [cfs]), as seen in Figure 1 through Figure 4 . In the figures, Caernarvon ("C"), Davis Pond ("DP"), Bonnet Carre Spillway ("BCS"), and Morganza Control Structure discharges were added to the downstream location(s) for a consistent comparison. None of the discharge data sets stand out with a consistent bias through all four figures. Sometimes the Natchez minus ORCC and Baton Rouge estimates agree well (such as April 2008), but at other times the Natchez minus ORCC estimates agree well with Tarbert Landing and not as well with Baton Rouge (such as December 2004). Figure 5 shows a plot zoomed to the 2008 flood peak comparing the computed rating curves of Tarbert Landing and Baton Rouge with observed discharge measurements. In these figures, the data labeled "computed" indicate that a rating curve was used to compute discharges from stages, and "observed" indicates actual discharge measurements. Tarbert Landing measurements are from the New Orleans District, and Baton Rouge measurements are from USGS's website. The plot exhibits a large scatter for the Tarbert Landing location, similar to 2011 (O'Brien et al. 2012) .
Using this information, and with funding from the MRG&P Program, the USACE New Orleans District (MVN) conducted ADCP measurements at 31 locations along the Lower Mississippi River in the spring of 2014 when the flow passing the Natchez, MS, gage was over 1,000,000 cfs. The ADCP measurements were conducted in a downstream order, or Lagrangian fashion (i.e., the rate of observation was timed to follow a specific "water mass" as it moved downstream). The ADCP equipment used in this investigation was a SonTek M9, and a Trimble GPS (Differential) was used for positioning. The 2014 measurements occurred over the course of 5 days, April 21-25. Four passes were generally performed for each location, with each pass providing a discharge estimate. In other words, the boat conducting the ADCP measurements traversed back-and-forth and then again back-and-forth. The MVN survey crew follows USGS standards for ADCP measurements (Mueller et al. 2013 ). These four passes were used in the calculation of the average volumetric flow and standard deviation of the flow. Figure 6 shows the map of ADCP measurement locations. Figure 10 shows the 2014 measured discharges, where the horizontal axis is the Mississippi River Mile location above HOP (River Mile 0). The farthest upstream extent of these measurements was Natchez, MS, at River Mile 363.52. Figure 11 shows the same data as Figure 10 but with a refined vertical scale between 700,000 cfs and 900,000 cfs. The error bars represent one standard deviation higher and lower, calculated from the four 2014 discharge measurements at each site. In each of the figures, Figure 10 and Figure 11 , symbols also show the reported discharges of permanent gages at the time when the ADCP measurements were taken at that location.
RESULTS:
The fluctuations observed in Figure 11 prompted a closer evaluation of the factors that may be impacting the measured river flow. The discharge data can also be viewed as a time series, with the horizontal axis showing the date and time of the measurements. Figure 12 shows the 2014 measurements in gray relative to the time-series data of reported discharge at the USGS Baton Rouge (blue) and Belle Chasse (red) gages. Since the field crew started upstream, the left-most gray line in the figure corresponds with the Natchez location. The corresponding gray lines represent the downstream progression through each of the locations shown in the map of Figure 6 .
The Baton Rouge data is very smooth while the Belle Chasse data exhibits a wider range of fluctuations. This is partially due to the river conditions simply being more stable at the Baton Rouge location, but there are also two other reasons for different behavior at these gagesnamely the type of equipment and the tidal influence. The USGS Baton Rouge gage measures the stage of the river and uses a rating curve to compute discharge whereas the USGS Belle Chasse gage measures velocity and stage within the river to estimate the discharge. Additionally, evaluation of Figure 12 indicated that tidal influence was noticeable at the Belle Chasse gage, which is more clearly demonstrated in the stage data shown in Figure 13 . Both of these factors contribute to wider variability in the Belle Chasse gage data compared to Baton Rouge. Tidal Correction. The tidal fluctuation causes the water flow in the lowest part of the river to increase and decrease due to the progression of the tide. As the downstream stage increases with a rising tide, the flow within the river decreases, and vice versa. Since one of the objectives of this investigation was to evaluate the water mass balance along the river, it is important to implement a tidal correction to have a consistent basis for comparing discharges at different measurement locations. The primary locations of interest for checking the water balance through the Lower Mississippi River are between Baton Rouge and Belle Chasse. The tidal correction is necessary for a consistent comparison of the discharges through this reach.
The first step to perform the tidal correction was to evaluate the tidal behavior at the Belle Chasse gage location. The tidal behavior was evaluated by studying both the stage and flow data at Belle Chasse. A conversion factor was determined between stage and flow data by observing the tidal behavior of each. During the time of the 2014 measurements, a stage fluctuation of 0.4 foot (ft) caused approximately a 75,000 cfs fluctuation in flow, resulting in a conversion factor of 187,500 cfs/ft. A second-order polynomial was fit through the stage data to represent the non-tidal behavior of the water level at Belle Chasse. Then, in order to smooth out any instantaneous fluctuations in stage data, a 1-hour centered average was calculated from the 15-minute data. The difference between the second-order polynomial and the 1-hour average was considered to be the tidal influence in the stage. Using the conversion factor of 187,500 cfs/ft, the tidal influence on the flow at Belle Chasse was determined for times during the measurement window.
Stage data were evaluated at other longer-term gage locations, including the Reserve (River Mile 138.7) and the Donaldsonville (River Mile 173.6) gages shown in Figure 14 , finding evidence of the propagation of the tidal influence upstream with decreasing magnitude. The tidal behavior was not detectable in the Baton Rouge stage data, so the tidal influence was assumed to be zero at Baton Rouge. A linear interpolation was used between the tidal correction determined at Belle Chasse and zero tidal correction applied at Baton Rouge, based on the River Mile distance from Belle Chasse. The last factor in the tidal correction was considering the propagation time of the tidal influence. Stage data from Belle Chasse and Reserve showed approximately a 4-hour offset of the tidal behavior when matching peaks and valleys. Considering the distance between those two locations (64 River Miles), a propagation speed of approximately 16 miles/hour in the upstream direction was used when applying the tidal correction to the discharge measurements. In reality, the propagation speed varies based on localized water velocities and depths, but this approximation of 16 miles/hour was made for the overall reach. Figure 15 shows the tidal correction applied to the 2014 data. The tidal correction adjusted many of the 2014 measurements into the range between 800,000 and 820,000 cfs, especially the seven measurements nearest to Belle Chasse. The tidal correction caused the measurement near River Mile 129 to become somewhat of an outlier as the lowest discharge between Belle Chasse and Baton Rouge. Interestingly, this same River Mile 129 measurement site in 2015 also recorded a low discharge, suggesting that perhaps the ADCP equipment may have a tendency to under-report the discharge at this specific location. The maximum depth of water at this location was 141 ft; this large of a depth could be a significant factor in measurement accuracy. With the exception of River Mile 129, the discharge consistency shown in Figure 15 indicates that there is no discernable trend of unaccountable water loss in the discharge observations for all cross sections between Baton Rouge and Belle Chasse. Any net gain or loss that exists between these ranges is well within the range of the uncertainty of the measurement at each cross section and hence undetectable in the observations. This consistency is in contrast with the apparent loss of water between the reported USGS observations for the Baton Rouge and Belle Chasse discharge ranges. The most likely explanation for this apparent loss, therefore, is observational error at one or both of the USGS observation ranges at Baton Rouge and Belle Chasse. Figure 16 shows the 2014, 2015, and 2016 ADCP measurements with a similar tidal correction procedure being applied to each set. As seen in Figure 10 , Figure 11 , and Figure 16 , there is a decrease in discharge upstream of Tarbert Landing due to flow diverted through the ORCC. Also, toward the downstream end of the Mississippi River, the flow is drastically reduced well before the river reaches the HOP. Table 1 shows how the discharge measurements decrease moving downstream. The fraction of flow remaining in the river, relative to the flow at Natchez, is relatively consistent from the 2014 measurements to those of 2015. In all 3 years, the main stem of the Mississippi River loses over 60% of its flow between Natchez and River Mile 1.88. This significant loss of flow in the Lower Mississippi River is a critical component of understanding the ecology and sediment transport capabilities of the lowermost Mississippi River. As noted by Allison et al. (2012) , the significant diversion of river discharge upstream of the HOP into adjacent wetlands and shallow estuaries limits the amount of suspended sediment that is transported offshore to the continental shelf to a quantity much less than previously thought.
The 2016 measurements behave differently than the 2014 and 2015 measurements due to the operation of the BCS. The BCS is a flood control feature near River Mile 128 that is used to keep the volume of the Mississippi River flows at New Orleans from exceeding 1,250,000 cfs. It was not operated during the 2014 and 2015 measurements. The BCS began releasing flow on 10 January 2016, peaked on 17 January 2016 at approximately 203,000 cfs, and closed on 1 February 2016. The daily changes in operation of the BCS during the time of the ADCP measurements could potentially account for some of the additional fluctuations in discharge associated with the 2016 data in Figure 16 . Uncertainties were also evaluated from year to year to search for patterns within specific measurement locations. For example, the authors investigated whether measurements made at sites within bends of the river consistently portrayed greater uncertainty. This analysis of the data, along with discussions among ADCP field measurement experts, was inconclusive in determining consistent uncertainties at any particular sites, but the discussions led to several valuable suggestions, which are listed in the Recommendations section below.
Volumetric Analysis. A volumetric analysis using existing observation ranges was also performed on the water balance through this reach of the Mississippi River. In addition to the USACE-estimated ORCC outflow, the USGS gage for Old River Outflow Channel (USGS gage # 07381482) was used for comparison. The Vicksburg District also provided a data set of daily Natchez discharges computed from its rating curve. Flows were accumulated into annual volumes of water passing each location using the water year calendar, which extends from October of the previous year to September of the labeled year, as was done in Allison et al. 2012 . Figure 17 shows the comparison of annual water volumes at locations between Natchez and Belle Chasse. Any values not shown are because a significant amount of the year, or the entire year, had missing data. The analysis shows that the mass balance for the river can be closed to within the range of uncertainty associated with each observation, assuming that the range of uncertainty for these observations is on the same order as the standard deviation of the observations at each cross section in the longitudinal study (i.e., 3%-5% 
SUMMARY:
Many of the critical water management controls during flood conditions are based on specific flow rate triggers, so understanding flow variability is important. Table 1 shows that no statistically significant trend in water loss can be determined from the discharge observations taken in 2014 and 2015 longitudinally along the Lower Mississippi River during high flow conditions. Discharge measurements between Baton Rouge and Belle Chasse were tidally corrected in order to provide a consistent water budget comparison of the measurements along this reach. Tidal corrections were based on the stage fluctuations at Belle Chasse and interpolated upstream to a zero tidal behavior at Baton Rouge. The time of propagation of the tidal hydraulics was also applied. The Baton Rouge to Belle Chasse reach of the river contained approximately 77%-79% of the discharge recorded upstream at Natchez, MS, for both the 2014 and 2015 measurements. This specific reach of the river did not show a significant amount of water being lost from the river.
These observations, together with the analysis of the existing observation ranges, show that efforts to close the water budget of the Mississippi River to within the expected error at each of the ranges (on the order to 3%-5%) are not meaningful. Hence, this study has shown that there is no statistically meaningful residual in the water budget, and the association of the residual of this budget with other sources and/or sinks (such as ground water flux) cannot be done. The only way to identify such as residual would be to reduce the observational error at each of the observation ranges.
Continued refinement of discharge measurement techniques would be beneficial to narrow the ADCP uncertainty. For large rivers, such as the Mississippi River, even a very small percentage error can represent a large volume of water. For example, a discrepancy of only 5% is equivalent to 50,000 cfs when the flow in the river is 1,000,000 cfs. From Figure 11 , the 2014 ADCP measurement at the Baton Rouge location appears to be significantly below the rating curve of the long-term gauging station, but the measurement and rating curve are within 40,000 cfs of each other, which may be within the realm of uncertainty for the 2014 measurements. Going forward, the continued coordination of any state-of-the-art flow measurement technology or standardized procedures is recommended between USACE and others specializing in measuring discharge of large rivers, such as the USGS. The following list of recommendations can be considered for opportunities of improvement.
RECOMMENDATIONS
• Follow the latest guidelines for ADCP measurement collection, as noted in references such as Mueller et al. (2013) , Oberg and Mueller (2007) , and Muste et al. (2004a and 2004b) . Specific examples from these guidelines that could improve the measurement techniques of this study include the following:
o The use of an external heading reference can reduce the uncertainty of the discharge measurement significantly in comparison to an internal compass.
o For discharge measurements in very deep flow, the measurement frequency may need to be reduced to make sure the entire water depth is being measured appropriately. The Mississippi River contains locations with very large depths, and missing a portion of the bottom of the river can cause a sizeable error in the measurement.
• Discharge measurements should be made in areas where the flow is relatively confined to the banks of the river (i.e., relatively small amount of flow going through the floodplain in order to reduce uncertainty).
• The measurements should follow the timing of the flood peak travel time as best as possible.
The longer measurement period in 2016 was likely due to the boat crew being extremely busy at this time.
• Discharge measurements should be made in relatively straight sections of the river in order to reduce uncertainty. Flow should be relatively uniform and free of eddies, slack water, and excessive turbulence (Rantz 1982 ).
• It is recommended that a potential reduction in uncertainty be given a high priority when considering where to perform discharge measurements. Many discharge measurements are made at specific sites because they have historically been performed in those locations. If a better discharge measurement location is available (i.e., a significant reduction in uncertainty), it is recommended to consider deviating from the historically consistent location.
